To determine the wiring logic of the AOB, we here contrast to the convergence onto one or a few glomeruli by OSN axons in the MOB, axons from VSNs expressing trace with a genetic technique the axonal projections of neurons expressing a given V2R, and we describe the a given V1R innervate multiple (15-30) smaller glomeruli in the rostral half of the AOB (Belluscio et al. 1999;  dendritic connectivity pattern between mitral cells and glomeruli with the same V1R or V2R receptor specificity Rodriguez et al., 1999) ( Figure 1A ). Glomeruli are distributed in globally conserved areas in the AOB of different ( Figure 1A ). First, we show that VSNs expressing the V2r1b gene project their axons to six to ten glomeruli individuals, although their precise individual location is variable. The pattern of axonal projections of neurons that reside in globally conserved areas within the caudal AOB. These glomeruli appear to be exclusive targets of expressing V2R genes to the caudal AOB has not yet been described.
axons from V2r1b-expressing neurons. Thus, based on this example, neurons expressing V1R or V2R genes How is this complex glomerular pattern in the AOB processed by the mitral cells? It has been known for rely on similar strategies to organize the input of information at the glomerular level, although they constitute two nearly a century that second-order neurons in the AOB have a qualitatively different organization than those of anatomically segregated compartments using receptors without significant sequence homology. In whole-mount specimens of V2R-GFP mice anaVisualizing V2r1b-Expressing Sensory Neurons The genomic structure of the V2r1b gene, a member lyzed by confocal microscopy (n ϭ 15 females and 15 males), V2r1b-axons converge onto six to ten glomeruli of the V2R class of vomeronasal receptors (Ryba and Tirindelli, 1997) , is shown in Figure 1B . The coding seper AOB (Figures 2Aa-2Ac To extend the finding of the apparently homogeneous innervation of V2r1b glomeruli with a marker specific for VSNs, we crossed V2R-GFP to OMP-taulacZ mice (Mombaerts et al., 1996) . The resulting mice express taulacZ in all VSNs and GFP only in V2r1b neurons. Sections through the AOB were stained with antibodies to ␤-galactosidase. The ␤-galactosidase-positive axons in V2r1b-glomeruli of homozygous mice were also GFP positive, confirming that these glomeruli are innervated predominantly by V2r1b axons (Figures 4J-4L ). In contrast, in heterozygous V2R-GFP mice, a partial overlap was clearly seen (Figures 4M-4O) . We repeated this analysis on V1R-GFP mice and confirmed that as we reported before (Rodriguez et al., 1999), VR i 2-glomeruli receive axons of neurons predominantly with that particular receptor identity (data not shown).
These results indicate that glomeruli in both the anterior and posterior AOB are innervated predominantly, if not exclusively, by axons of VSNs expressing the same VR gene, thus excluding the mixed connectivity model ( Figure 3B ).
Mitral Cells Innervate Glomeruli with the Same VR Specificity
Having shown that V1R and V2R glomeruli receive highly homogeneous inputs, we next asked whether mitral cells connect to glomeruli innervated by axons of VSNs that express the same receptor (homotypic connectivity) or cross-connect glomeruli of different receptor speci- Figures 4A-4F) . This was the ulus. The typical pattern of the dendritic arbor observed case for more than 40 analyzed glomeruli of different within the glomerulus (Takami and Graziadei, 1991) sugsizes and shapes. By contrast, nongreen fluorescent gests that the labeled dendrites receive synapses from patches were observed within the synapsin-I-stained the sensory axons and are not simply passing through V2r1b glomeruli of heterozygous mice. This is expected the glomerulus. These results show that a given mitral because only half of the V2r1b-neurons express GFP cell can project its dendrites to at least three of the due to monoallelic expression of the V2r1b gene. Thus, six to ten glomeruli innervated by axons of VSNs that unmarked V2r1b-expressing axons could be detected express V2r1b. DiI-labeled dendrites were occasionally with our method, at least if present in significant numobserved projecting to non-GFP glomeruli (data not bers. A more definitive analysis of the level of homogeshown). However, labeled dendrites originating from the neity of V2r1b glomeruli requires microscopy methods same mitral cell were never seen innervating both GFPpositive and GFP-negative glomeruli. The labeled denwith single axon resolution such as electron microscopy, To reveal the wiring logic of the vomeronasal system, expected for at least two reasons. First, some mitral cells will innervate some of the other GFP-positive glowe have described the pattern of axonal projections of VSNs expressing a given V2R gene to glomeruli and meruli that reside in the slice but were not injected or analyzed the pattern of connectivity between defined sets of glomeruli and second-order output neurons in the AOB. We show that the organization of the two pathways in the vomeronasal system follows similar principles, although the repertoires of putative chemosensory receptors employed by these pathways share no sequence similarity. Axons of neurons expressing a given V1R or V2R converge onto multiple glomeruli in the AOB that receive homogeneous input from neurons expressing the same receptor, with some exceptions of apparently compartmentalized glomeruli (Belluscio et al., 1999) . Within each subdivision of the AOB, a given mitral cell sends dendrites that terminate in multiple glomeruli innervated by neurons expressing the same receptor. Thus, the functional organization of the vomeronasal system is more convergent than originally thought. The apparent divergent axonal connectivity of VSNs to the AOB is reorganized by the dendrites of the second-order neurons into a more convergent output pattern, similar to that observed in the MOB.
Glomerular Patterns in the AOB
The patterns of glomeruli innervated by neurons expressing a given V1R or V2R have both conserved and variable features. While V1R or V2R glomeruli are distributed in broadly conserved areas of the AOB, their precise locations vary across individuals and between both bulbs of the same individual.
Although we have described the expression and projection patterns for only one gene of a repertoire of ‫041ف‬ V2R genes (Matsunami and Buck, 1997), experience with both OR genes and V1R genes has shown that the basic theme of these patterns appears to be generalizable based on one or a few randomly chosen gene members. Nonetheless, certain characteristics vary across the neuronal populations studied, such as the dependency bars represents experiments in which a first dye is injected into a GFP-labeled glomerulus and the second dye in a randomly chosen glomerulus, at distances to the first injected glomeruli comparable to the distances of other GFP-labeled glomeruli in the slice (n ϭ 3 slices for V1R-GFP and n ϭ 4 slices for V2R-GFP). The total number of labeled cells for the GFP-GFP glomerular injections was 73 for V1R-GFP and 65 for V2R-GFP; of these, 20 cells were double labeled in V2R-GFP mice (27.4%) and 16 cells in V2R-GFP mice (24.6%). of the glomerular MOB pattern on an active cyclic nucleand mitral cell dendrites based on receptor specificity. We cannot exclude the possibility that some degree of otide-gated channel (Zheng et al., 2000) and the heterogeneity of V1R-axonal projections in a subset of larger cross-connection to glomeruli with different VR specificities occur. However, it must be a rare event, as evi-AOB glomeruli (Belluscio et al., 1999) . Genetic tagging of additional V2R genes will be required to test the gendenced by the low percentage of mitral cells that project to both GFP-positive and GFP-negative glomeruli. We erality of our findings.
The evidence for rigid locations of glomeruli in the cannot exclude either a highly organized pattern of connectivity in which mitral cells preferentially connect glo-MOB is biased by the small number of glomeruli that are associated with a given OR. Recently, it has become meruli with the same VR specificity but also project to other glomeruli with a different but particular VR speciclear that the position of glomeruli for a given OR is not as fixed and invariable as originally thought. Instead ficity. Because random glomeruli were injected in the control experiments, this possibility could not be evalulocal permutations can be discerned within an area of as for the two GFP-positive glomeruli. In general, injected glomeruli Targeting vectors were linearized with AscI. Electroporation and were 100-150 m apart. Slices were fixed with 4% paraformaldecell culture of embryonic day (E)14 cells were carried out as dehyde in 0.1 M phosphate-buffered saline (pH 7.4) for 1 hr and then scribed before (Mombaerts et al., 1996) . Genomic DNA from G418-transferred to 1% paraformaldehyde in 0.1 M phosphate-buffered resistant ES clones was digested with EcoR1 and homologous resaline (pH 7.4) for 24-48 hr. These 350 m sections were resectioned combinant clones were identified by Southern blot hybridization at 50 m on a vibratome, mounted in a DABCO (Sigma) based with a 5Ј probe external to the targeting vector. One of these clones anti-fade mounting media, and optically sectioned on a FluoView was introduced into blastocysts to generate chimeric mice from confocal microscope (Olympus Instruments). The proportions of miwhich germline transmission was obtained.
tral cells were counted in slices that contained at least two labeled The neo-selectable marker was removed from the targeted mutamitral cells in both injections. tion by crossing mice heterozygous for the LNL allele to Ella-Cre transgenic mice (Lakso et al., 1996) . Transgenic mice used were backcrossed by us at least four times to the C57BL/6 background. Acknowledgments Intercrossing of the loxP-positive mice resulted in loxP heterozygous and loxP homozygous mice that were devoid of the Cre transgene.
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